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Urbanization is increasing at a rapid pace with negative consequences for native biodiversity. While it is well-known that urbanization can lead to biotic homogenization
(dominance of a few competitive species), effects of urbanization on ecological functions
that rely on the frequency and efﬁciency of species interactions are less understood. Seed
dispersal success depends on seed disperser feeding rate and diversity, which can affect
the probability of fruit removal (i.e. seed dispersal) and germination rates. However, how
these factors are affected by urbanization is unknown. In this study, we evaluate the effects
of urbanization on factors that contribute to seed dispersal success (seed disperser diversity, frequency, probability of fruit removal and germination rate using Toxicodendron
radicans and its seed disperser community as a model system. We found that urban sites
had three times more disperser species and two times higher feeding rate compared to
natural sites. However, the probability of individual fruit removal did not differ between
natural and urban sites. Moreover, germination rate after dispersal was 20% lower in urban
sites, leading to overall negative effects of urbanization on T. radicans seed dispersal. We
propose differences in seed germination rate are driven by changes in seed disperser
species composition and their differences in seed gut transit time. This in turn affects
disperser species’ ability to successfully scarify seeds. Overall, our results highlight the
need to evaluate urbanization’s effects on functional ecological processes, in addition to
biotic homogenization effects, in order better understand and mitigate its negative impacts
on biodiversity.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
The rate of global urbanization is increasing at a rapid pace (Seto et al., 2012; DESA, 2017; Chen et al., 2019). As the
population approaches nine billion people by 2050, 67% are expected to reside in urban areas (DESA, 2017). It has been welldocumented that increased urbanization can lead to habitat loss, degradation, and fragmentation, and species invasion, all of
which decrease native species diversity (e.g. McKinney and Lockwood, 1999; Pimm and Raven, 2000; Butchart et al., 2010;
Kiers et al., 2010). For the purposes of this study, we deﬁne urbanization as the phenomenon of altering landscapes for
anthropogenic use, which includes land-use change, and environmental, light, and noise pollution (McKinney, 2002; Knop
et al., 2017; Rocha and Fellowes, 2018; Schneiberg et al., 2020). In fact, urban areas are typically composed of a smaller
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subset of the original community, dominated by one or very few species, a process known as biotic homogenization
(McKinney, 2006; Baiser et al., 2012). These dominant species typically have broad niches (i.e. generalists) and a higher
tolerance to disturbance, which makes them strong competitors in urban habitats (McKinney and Lockwood, 1999). Biotic
homogenization as a result of urbanization has been shown in animals (e.g. Olden et al., 2006; White et al., 2018), insects (e.g.
Holway and Suarez, 2006; Winfree et al., 2011), plants (e.g. Trentanovi et al., 2013), and even bacteria (e.g. Rodrigues et al.,
2013). While the effects of urbanization on species diversity via biotic homogenization have been well documented
(McKinney, 2002), knowledge on how urbanization affects functional ecological interactions is still limited and thus the full
extent of its effects may be underestimated. For instance, functional processes such as pollination and seed dispersal may be
disrupted if urbanization affects the frequency, identity, and efﬁciency of interactions between plants and their mutualistic
partners (e.g. Hostetler and McIntyre, 2001; Clavel et al., 2011; Markl et al., 2012; Harrison and Winfree, 2015; Guenat et al.,
2019). In fact, recent studies have suggested that functional homogenization (e.g. loss of species interactions) may not increase or decrease at the same rate as biotic homogenization (e.g. loss of species; Tobias and Monika, 2012; White et al., 2018),
thus highlighting the need to tease apart their individual effects. Functional processes may be impacted if dominant species in
urban habitats (e.g. generalists) establish weak or ineffective interactions with other species thus diminishing their overall
effectiveness (e.g. Tylianakis et al., 2008; Clavel et al., 2011; Coogan et al., 2018). A reduction in the frequency and/or efﬁciency
of species interactions in urban habitats can lead to the loss of important ecological functions (e.g., dispersal, pollination) with
negative consequences for individual species and for the stability of entire ecosystems (McDonnell et al., 1997; Clavel et al.,
2011; Valiente-Banuet et al., 2015; Devictor et al., 2008). In spite of this, the effects of urbanization on a wide range of
ecological interactions remains unknown.
Animal-mediated seed dispersal interactions may be particularly susceptible to the effects of urbanization (Ruxton and
Schaefer, 2012; McConkey & O’Farrill, 2016). Seed dispersal effectiveness (SDE) is determined by quantitative and qualitative aspects of seed dispersal (Schupp, 1993; Schupp et al., 2010), both of which can be affected by urbanization. Effective seed
dispersal depends on the frequency (i.e., number of events per unit of time) of seed dispersal interactions (quantitative
component; Schupp et al., 2017), as well as on the diversity and identity of the seed disperser community (Schupp, 1993).
These factors can affect not only the probability of a seed being dispersed (Schupp, 1993), but also the probability of seed
germination after dispersal (i.e., qualitative component; Traveset et al., 2001, Robertson et al., 2006; Schupp et al., 2017). For
instance, different disperser species have different feeding behaviors that can affect seed fate (e.g. seed survival, dispersal
distance; Levey et al., 2008, Carlo et al., 2013; Nogales et al., 2017). Additionally, disperser species can have a direct impact on
seed germination as some seeds require acid and/or mechanical scariﬁcation in the disperser gastrointestinal tract in order to
break dormancy (Traveset et al., 2001; Robertson et al., 2006; Baskin and Baskin, 2014). The amount of scariﬁcation a seed
receives is often dependent on the disperser species (Murphy et al., 1993; Traveset et al., 2001; Nogales et al., 2017), and
dispersers who have co-evolved with plants tend to have optimal gastrointestinal physiology and transit time for seed
scariﬁcation (Karasov and Levey, 1990). Thus, changes in the abundance and identity of seed dispersers as a result of urbanization is likely to have signiﬁcant impacts on the success of this key ecological process, with important consequences for
the success of plant populations in urban habitats. However, how urbanization alters the quantitative (frequency) and
qualitative (efﬁciency) components of seed dispersal has been little studied.
For instance, optimal foraging theory predicts that species should favor food resources that maximize energetic gains
while minimizing costs associated with search behaviors and travel distances required to obtain such resources (Brown, 1988;
P
aez et al., 2018; Pyke, 2019). Based on this, we could predict that the frequency of seed dispersal events may be higher in
urban habitats, which are typically open habitats with easy access to foraging resources, thus minimizing food acquisition
costs (Marzluff, 1997; McKinney and Lockwood, 1999; Bolger, 2001; Marzluff and Ewing, 2001; Coogan et al., 2018) and
increasing the probability of seed dispersal. Due to biotic homogenization, however, the diversity of the seed disperser
community may be reduced in urban habitats compared to natural environments, potentially affecting the effectiveness of
seed dispersal. For instance, if generalist, less efﬁcient seed dispersers, are more common in urban habitats (McKinney and
Lockwood, 1999; Olden and Rooney, 2006; Devictor et al., 2008), then the probability of germination after dispersal may be
lower in urban compared to natural habitats due to suboptimal scariﬁcation by generalist species (Levey and Karasov, 1994).
Overall, urbanization has a high potential for disrupting the frequency and effectiveness of seed dispersal interactions with
important implications for the genetic diversity, survival and persistence of plant species in urban habitats (McConkey &
O’Farrill, 2016; Neuschulz et al., 2016; Jordano, 2017). While previous studies have shown that urbanization can decrease
species and functional diversity (Devictor et al., 2007; Sol et al., 2017), knowledge on how these effects impact key ecological
processes (e.g. seed dispersal) in urban areas remains limited, and thus the overall effects of urbanization may be underestimated (but see Thompson and McLachlan, 2007; Perez-Mendez et al., 2016; Rocha and Fellowes, 2018).
In this study we evaluate how quantitative (frequency, probability of fruit removal), and qualitative (seed disperser diversity, germination rate) components of seed dispersal are affected by urbanization using Toxicodendron radicans and its
avian seed dispersing community as a model system. We speciﬁcally ask the following questions: 1) Is the frequency of bird
feeding events on T. radicans fruits higher in urban sites compared to natural sites? 2) Is the probability of seed dispersal
higher in urban compared to natural sites? 3) Is the diversity and composition of the seed disperser community different
between urban and natural sites? and 4) Is germination of avian-dispersed (defecated) T. radicans seeds lower in urban
compared to natural sites?
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2. Materials and methods
2.1. Study organism
We study the impacts of urbanization on avian seed dispersal using Eastern poison ivy (Toxicodendron radicans) as the focal
species Appendix S1. Toxicodendron radicans (Anacardiaceae) is a common plant in the Eastern United States that can have
several growth forms (ground cover, shrub, liana; Gillis, 1971). Here, we focused on lianas because they produce the most
amount of fruits of all growth forms (Gillis, 1971). Toxicodendron radicans is dioecious (separate male and female individuals;
Gillis, 1971) and females can produce up to thousands of fruits each year (Author’s pers. obs.). The fruits are round drupes
(single-seeded), between 3 and 5 mm in length, drab in coloration (pale green when unripe, off-white when ripe Appendix
S1), waxy, and represent a high energy food source for avian dispersers (47% lipid content; Warawdekar and Jannke, 1957;
Gillis, 1971; Cazetta et al., 2008). Fruits ripen from AugusteSeptember and can persist until March (Robinson and Handel,
1993, Author’s pers. obs.). The primary consumers of the fruits are birds of the orders Passeriformes (perching birds) and
Piciformes (woodpeckers; Martin et al., 1951). The seeds are 2e4 mm in length and shaped somewhat like a kidney bean
(Gillis, 1971). The seeds require cold stratiﬁcation for ~3 weeks for germination (Schiff et al., 2004). More importantly, the
seeds require mechanical and acid scariﬁcation via digestion in the avian gut in order to successfully germinate (Schiff et al.,
2004). Therefore, changes in diversity and composition of the seed disperser community have the potential to inﬂuence
recruitment in this species. Poison ivy is a common plant in both natural and urban ecosystems where it typically grows in
open habitats and secondary forests (Gillis, 1971), and is therefore an ideal system to evaluate the effects of urbanization on
seed dispersal dynamics. See Appendix S1 for images of the plant, fruits, and seeds.
2.2. Study sites
We conducted the study in ﬁve urban sites and four natural sites where poison ivy was present over the course of two ﬁeld
seasons between 2017 and 2019 (Appendix S2 for typical sites). Two urban sites and two natural sites were used in the ﬁrst
ﬁeld season; three urban sites and three natural sites were used in the second season Appendix S3. One natural site was used
in both ﬁeld seasons (Site A; Appendix S3). Natural sites were located in the Cherokee National Forest, in Washington and
Carter counties in Tennessee (GPS coordinates, 1: N 36 140 56.18800 , W 82 210 49.643’’; 2: N 36 160 56.3200 , W 82 220 9.764’’;
3: N 36 200 23.64400 , W 82 70 17.885’’; 4: N 36 140 52.92200 , W 82 160 8.67’’; Appendix S3). Urban sites were located in
Johnson City, Tennessee (Washington County) and Erwin, Tennessee (Unicoi County; GPS coordinates, 1: N 36 180 17.03900 , W
82 220 26.119’’; 2: N 36 200 52.43300 , W 82 210 8.517’’; 3: N 36 160 34.1800 , W 82 180 58.975’’; 4: N 36 90 8.39900 , W 82 240
51.627’’; 5: N 36 180 18.28800 , W 82 230 23.254’’; Appendix S3). The average distance between sites was 14.72(±1.68; SE) km
(range 5.26e33.53 km). Natural and urban sites had less than 5% and more than 30% of urban infrastructure (buildings, roads,
railroads, sidewalks, etc.) in a 5-km radius, respectively (determined with i-Tree Canopy v6.1; Appendix S3). This difference in
amount of urban infrastructure has been considered sufﬁcient to differentiate between urban and natural sites (e.g.
McKinney, 2002).
2.3. Disperser community composition and feeding rate
To estimate seed disperser feeding rate on poison ivy plants, 5e6 individual lianas were selected at each urban and natural
site (27 and 25 total lianas at urban and natural sites, respectively across two seasons). Each selected liana was attached to a
different tree. Each liana was observed for 1e3 12-min periods during each visit to a given site depending on weather
conditions. In the ﬁrst ﬁeld season, both urban sites were visited 14 times each (75.2 h of total observation time), one natural
site was visited 18 times and one was visited 10 times (60.6 h of total observation time). In the second ﬁeld season, all three
urban sites were visited six times each (24 h of total observation time), one natural site was visited four and times, and two
natural sites were visited ﬁve times each (23 h of total observation time). Observations were skipped on days with high winds
or heavy rain, as birds will not actively forage under these conditions. Across years we conducted a total of 99 and 84 h of
observation time at urban and natural sites respectively. Observations at each site were conducted during the active feeding
time of birds (0600e1100; Author’s pers. obs.). During each observation period, the number and identity of avian species
feeding on T. radicans fruits was recorded. From these data, species richness (number of species) and average feeding rate
(number of feeding events per 12-min period) were estimated for each individual liana/visit combination. Resource availability at a site (number of fruits in all lianas) was recorded at the beginning, middle, and end of the fruiting season.
2.4. Probability of seed dispersal
To estimate the probability of seed dispersal at urban and natural sites we quantify fruit removal by seed dispersers from
individual lianas. Although, overall probability of seed dispersal often includes estimation of dispersal distance (Jordano,
2017; Schupp et al., 2017), evaluating the rate of fruit removal gives a good ﬁrst approximation to the potential success of
this interaction (Schupp et al., 2017). For this, we marked up to 10% of fruits (91e1422) from each of 5e7 individual lianas at
three natural and three urban sites (5762 total fruits marked at urban sites and 3738 at natural sites). Fruits were marked with
a UV ﬂuorescent dye (UVPN powder dye; Llewellyn Data Processing LLC, New Jersey USA) following Levey and Sargent (2000);
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see Appendix S1c for an example of marked and unmarked fruits under blacklight. UV marking does not affect feeding
preference by birds in our study system (N ¼ 10, P ¼ 0.847; Author unpublished, also see Willson and Whelan, 1989). After
fruits were marked, seed traps (comprised of mesh netting over a PVC frame) were placed under marked lianas to collect
fallen fruits that were not dispersed. This method has been shown to be efﬁcient for collecting non-dispersed fallen fruits
(Stevenson and Vargas, 2008). Thirty seed traps were installed during the study, 15 in urban and 15 in natural sites. Fruits in
traps were collected three times a week and checked for presence of the UV dye in the lab. The traps remained until there
were no UV-marked fruits left on the liana. For each liana, the number of dispersed seeds was estimated as: seeds
dispersed ¼ [total fruits marked e number of marked fruits found in trap]. The probability of fruit removal for each liana was
then estimated by dividing the total number of marked fruits by the number of seeds dispersed.
2.5. Germination rate
To evaluate differences in germination rate of ingested (i.e. avian scariﬁcation) T. radicans seeds from natural and urban
sites we conducted a germination experiment using seeds collected from avian feces and undigested fruits collected at natural
and urban sites. Speciﬁcally, we germinated seeds from four treatments: 1) undigested fruits soaked in water (negative
control; Robertson et al., 2006) and 2) Undigested fruits treated with sulfuric acid (positive control simulating optimal
scariﬁcation; Benhase and Jelesko, 2013). These two treatments consisted of a random mix of seeds from natural and urban
sites. We also germinated digested (avian scariﬁed) seeds collected from 3) natural and 4) urban sites by following birds
observed feeding on poison ivy and collecting the digested seeds from their feces. We did not collect regurgitated seeds, as our
method of collecting dispersed seeds did not allow us to do so. All seeds were cold stratiﬁed at 4  C for up to 90 days. For this
experiment ﬁve seeds of a single treatment were planted in a small germination tray using propagation mix soil (Sungro
Horticulture). Between 39 and 43 trays of each treatment were placed randomly inside a growth chamber for ﬁve weeks.
Conditions for the ﬁrst week were 24 h darkness at ambient temperature. For the remaining four weeks, seeds were kept
under a 12:12 light dark cycle and at a constant 25  C (Schiff et al., 2004). Trays were watered as needed to keep the soil moist.
Germination was scored once per day over the course of ﬁve weeks. A germination event was recorded once the radicle had
emerged from the seed. This germination experiment was divided in three trials (5 weeks each), with equal number of seeds
per treatment during each trial, due to limited space in the growth chamber.
Once the ﬁve-week trial was completed, all non-germinated seeds were checked for viability by dissection, as other
lez-Varo
members of the family Anacardiaceae have been shown to produce a high percentage of nonviable seeds (Gonza
et al., 2018). Only viable seeds were used in analyses (550 total; 121e158 seeds per treatment). The proportion of germinated seeds for each tray was estimated as: proportion germinated ¼ [seeds germinated/total viable seeds in tray]. Baseline
germination of artiﬁcially scariﬁed, non-defecated seeds, is not different between natural (N ¼ 139) and urban sites (N ¼ 140,
P ¼ 0.4; Author unpublished).
2.6. Data analysis
Species accumulation curves were produced using EstimateS (v9.1.0) based on observation data to estimate sampling
effort during both ﬁeld seasons (Colwell et al., 2004). Rarefaction curves show that sampling effort was sufﬁcient to observe
85.6% of species in urban sites and 79.2% of species in natural sites (Appendix S4).
To evaluate differences in species richness of the seed disperser community we used a generalized mixed model (GLMM),
in SAS®v9.4, with site category (urban vs natural) as a ﬁxed effect, and individual site (nested within category), liana, and year
as random effects. For this analysis we used a Poisson distribution which better ﬁt the distribution of residuals. To compare
the overall similarity of disperser species community composition between natural and urban sites, we used an Analysis of
Similarities (ANOSIM) with the vegan package in Rv3.5.2 (Babweteera and Brown, 2008). For this, we used the Morisita-Horn
dissimilarity index (Wolda, 1981) with 999 permutations.
In order to test for differences in feeding rate between natural and urban sites we used a GLMM. Site category (natural or
urban) was considered as a ﬁxed effect because we were interested in evaluating differences between urban and natural
habitats regardless of individual site identity. Year was also a ﬁxed effect, due to having only two levels, even though we were
not interested in the difference between years. Individual site (nested within category) was considered as a random effect
 mez and Ashman, 2014).
because these represented a sample of many possible urban and natural habitats (also see Arceo-Go
Liana was also considered a random effect. Removal of second year data from Site A (Appendix S3) did not change signiﬁcance
of the results. Average resource availability for each site was included as a covariate. A lognormal distribution was used which
better ﬁt the distribution of residuals in the model while minimizing overdispersion.
To compare the probability of fruit removal between natural and urban sites, we used a GLMM with site category (urban vs
natural) as a ﬁxed effect, and individual site (nested within category), seed trap (i.e. liana), and year as random effects. A
binomial distribution was used which better ﬁt the distribution of the residuals.
To compare the proportion of germinated seeds among our four treatments (sulfuric acid-treated seeds, water-treated
seeds, and defecated seeds collected from natural and urban sites) we used a mixed model with germination treatment as
a ﬁxed effect, and tray and trial as random effects. If the main treatment effect was signiﬁcant, we then used a Tukey-adjusted
least square means post-hoc comparisons to compare germination rate between treatment pairs. Residuals in this model
were normally distributed (P > 0.05).
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3. Results
3.1. Disperser species richness and community composition
A total of 23 avian species were observed feeding on T. radicans, 20 at urban sites and eleven in natural sites (Appendix S5).
Of these species, 12 were found only in urban sites and three were found only in natural sites. Average disperser species
richness feeding on T. radicans lianas was signiﬁcantly higher in urban sites (13.8 ± 4.7) compared to natural sites (4.3 ± 1.3)
(F1,7 ¼ 5.43, P ¼ 0.05; Fig. 1a). ANOSIM analysis revealed a signiﬁcant difference in the seed disperser community between
urban and natural sites (P ¼ 0.024).
3.2. Feeding rate
We recorded a total of 415 feeding events, 333 feeding events in urban areas and 82 feeding events in natural sites. Feeding
rate (number of feeding events per 12-min observation interval) was signiﬁcantly different between natural and urban sites
(F1,7 ¼ 11.87, P < 0.01) being more than two times higher in urban compared to natural sites (Fig. 1b). Resource availability also
had a small, but positive effect on feeding rate at our study sites (R2 ¼ 0.069, P < 0.0001).

Fig. 1. Differences in A) Avian species richness in urban and natural sites. Average (±SE) seed disperser species richness in urban and natural sites. B) Avian feeding
rate in urban and natural sites. Average (±SE) number of feeding events per 12-min interval of avian species on T. radicans in urban and natural sites. C) Probability
of fruit removal in urban and natural sites. Average (±SE) probability of T. radicans fruit removal in urban and natural sites. * ¼ signiﬁcance at a ¼ 0.05,
** ¼ signiﬁcance at a ¼ 0.01, NS ¼ nonsigniﬁcant.
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3.3. Probability of seed dispersal
Over 21,000 T. radicans fruits were collected in the seed traps, 14,220 from urban sites, and 7762 from natural sites. Of a
total of 9500 fruits marked, 1617 were recovered in the traps, 905 from urban sites and 712 from natural sites. We found no
signiﬁcant differences in mean fruit removal probability (total fruits marked - marked fruits found in trap) between natural
and urban sites (F1,4 ¼ 0.06, P ¼ 0.8, N ¼ 30; Fig. 1c).
3.4. Germination
The proportion of germinated seeds differed signiﬁcantly between treatments (F3,142 ¼ 20.25, P < 0.0001, N ¼ 164; Fig. 2).
Multiple comparisons show that germination of defecated seeds from natural sites was signiﬁcantly different from that of
defecated seeds from urban sites. Germination was 20% higher in seeds from natural sites compared to seeds from urban sites
(T142 ¼ 2.82, P ¼ 0.03; Fig. 2). Germination of artiﬁcially scariﬁed (sulfuric acid-treated) seeds was not different from that of
defected seeds from natural and urban sites (T142 < 1.24, P > 0.42 for both; Fig. 2). Germination rate of water-treated seeds was
signiﬁcantly lower compared to all other treatments (T142 > 4.64, P < 0.0001; Fig. 2).
4. Discussion
It is well-documented that urbanization can decrease species richness and diversity via biotic homogenization (e.g. Olden
et al., 2006; Alberti et al., 2017). However, this may not directly translate into a decrease in the number and diversity of species interactions, which has a more direct impact on the maintenance of functional processes within a given ecosystem (Tobias
and Monika, 2012; White et al., 2018). For instance, if generalist species dominate in urban areas at the expense of specialized
ones (Devictor et al., 2008; Clavel et al., 2011) these will tend to establish relationships with a larger number of interacting
partners, thus increasing the total number of unique interactions (Gonz
alez et al., 2010; White et al., 2018). Indeed, a recent
study has found that on a community scale, urban plant-disperser networks tended to be composed of a large number of
generalist avian species who fed on all fruiting plant species within the community (Schneiberg et al., 2020). In our study, we
observed more than three times more unique seed dispersal interactions (i.e. richness of avian dispersers feeding on T. radicans)
in urban compared to natural sites (Fig. 1a). Furthermore, avian species that were observed feeding exclusively at urban sites,
such as European Starlings (Sturnus vulgaris), are considered generalists (Appendix S5), as they have been shown to feed on
many fruiting species (Moeed, 1980; LaFleur et al., 2009). This result thus highlights the non-equivalency between species
richness and interaction diversity (e.g. Tobias and Monika, 2012; Pauw and Louw, 2012; Deguines et al., 2016; White et al., 2018),
and suggests that urbanization effects on these two aspects of diversity may vary independently. Our results further emphasize
the need to evaluate the impacts of urbanization on proxies that more directly reﬂect its effects on functional process within a
community (i.e. interaction diversity) in order to better understand the overall impacts of urbanization. For instance, in our
system, the increase in diversity of seed dispersal interactions in urban areas suggests that this ecological function (i.e. seed
dispersal) may be even enhanced by urbanization (but see impacts on seed dispersal probability and efﬁciency below).
Furthermore, we not only found higher diversity of interactions (greater number of species interacting with T. radicans) in urban
areas but that these occur at more than twice the frequency compared to natural sites (Fig. 1b). The increase in frequency and
diversity of seed dispersal interactions in urban areas could also be explained by optimal foraging theory, which predicts that
open areas with more easily accessible food resources reduce the energetic cost of obtaining food and increase the diversity of
ez et al., 2018; Pyke, 2019). In fact, urban sites in our study had 30% less canopy cover than
feeding avian species (Brown, 1988; Pa
natural sites. It is also possible that urban sites are more limited in the diversity of natural food resources available (e.g.
DeCandido, 2004; Belaire et al., 2014), which may increase the consumption of poison ivy by birds. Although we are unable to

Fig. 2. Differences in the proportion of germinated seeds among four scariﬁcation treatments. Average (±SE) proportion of germinated seeds for four germination
treatments. From left to right: 1) Water-treated non-defecated fruits (negative control), 2) defecated seeds collected from urban sites, 3) defecated seeds collected
from natural sites, and 4) sulfuric acid-treated non-defecated seeds (positive control). Different letters denote signiﬁcant differences at P < 0.03.
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pinpoint the exact mechanism leading to an increase in the diversity and frequency of seed dispersal interactions in urban areas,
our results do emphasize the need to incorporate effects on both, taxonomic (species) as well as on functional (interactions)
aspects of diversity, in order to gain a more complete understanding of the effects of urbanization.
The observed increase in abundance and diversity of interactions at urban sites however, did not translate to differences in
the probability of seed dispersal between urban and natural sites. Overall, we observed a high fruit removal probability at
both urban and natural sites (greater than 70%; Fig. 1c). We would have expected that higher diversity and frequency of fruit
removal interactions would have resulted in greater probability of seed dispersal at urban sites. The absence of such differences however could be attributed to a higher efﬁciency of seed consumption (and hence dispersal) by birds at natural
sites. For instance, we observed that species such as Yellow-rumped Warblers (Setophaga coronata) in urban sites, tended to
be messy feeders, tearing fruits from their stems causing other fruits to fall (Author’s pers. obs.). On the other hand, dispersers
in natural sites such as Carolina Chickadees (Poecile carolinensis) tend to remove a single fruit at a time leaving other fruits in
place (Author’s pers. obs.). Thus, a higher frequency and diversity of seed dispersal interactions may not result in an increase
in fruit removal probability due to differences in feeding behavior of the disperser species present at urban and natural sites.
However, future studies should aim to evaluate potential effects on seed dispersal distance or dispersal location (particularly
in terms of the high amount of impermeable surfaces in urban sites upon which seedlings cannot survive) which are other
two main determinants of seed dispersal success (Jordano, 2017; Schupp et al., 2017). Furthermore, this study did not attempt
to parse out which speciﬁc aspects of urbanization (habitat loss, land-use change etc.) contributed the most to our results.
While urbanization did not have a signiﬁcant effect on the probability of fruit removal, however, it did negatively affect
seed germination after dispersal. Speciﬁcally, we observed a 20% reduction in the probability of avian-dispersed seed
germination in urban compared to natural sites (Fig. 2). This reduction in germination may result from differences in the
assemblage of avian disperser species in urban versus natural sites, and are not due to intrinsic differences in the germination
of the seeds themselves (germination of non-defecated seeds did not differ between urban and natural sites, P ¼ 0.4, Author
unpublished). In urban sites, we observed a greater number of generalist and omnivorous species such as European Starlings
and Blue Jays (Cyanocitta cristata). In natural sites on the other hand, we observed primarily over-wintering frugivorous
species, such as Carolina Chickadees and Downy Woodpeckers (Picoides pubescens; see Appendix S5). Studies have shown
that omnivorous species’ gut transit time is much longer (~60 min) than birds of a primarily frugivorous diet (or that switch to
a frugivorous diet in the winter season), which tend to have a shorter gut transit time of seeds (~20e30 min). Furthermore, it
has not only been shown that the optimal gut transit time for most seeds ranges from 25 to 40 min (Levey and Karasov, 1992;
1994), which is similar to what seeds at natural sites likely experience, but that longer gut transit times can decrease the
ability of seeds to germinate (Charalambidou et al., 2003). Thus, a change in species composition of the seed disperser
community, and their differences in their ability to effectively scarify seeds, may have led to the observed decrease in
germination rate at urban sites. Despite their inefﬁciency at scarifying seeds however, it is possible that ‘urban birds’ may
serve as ‘bridges’ for seed movement between disturbed habitats (Gonzalez-Varo et al., 2017). For instance, it has been shown
that starlings can disperse seeds to habitats that would otherwise be inaccessible given the habitat preferences of the ‘natural’
avian disperser community, thus aiding in the regeneration of degraded habitats in urban systems (Rehm et al., 2018). In our
study, individual seed fate once ingested was not followed, and defecated seeds were not collected from individual birds (e.g.
regurgitated seeds), so the efﬁciency and relative importance of individual seed dispersers could not be determined. However,
our results suggest that the overall community of seed disperser species at urban sites may be less efﬁcient than that of more
natural habitats.
The few studies to date that have evaluated urbanization effects on functional interactions have focused on single aspects
of these interactionsde.g. species diversity or frequency (Winfree et al., 2011; White et al., 2018). However, here we
emphasize the need of a more integrated approach that considers impacts on the identity of species (diversity) as well as on
the efﬁciency of the interactions. For instance, if we had focused solely on the effects on interaction frequency and diversity
our results would have suggested that urbanization has a positive effect on seed dispersal. However, by examining effects on
interaction efﬁciency we were able to uncover overall negative effects of urbanization and pinpoint the underlying mechanism likely mediating this effect (i.e. differences in avian species ability to scarify seeds). This reduction in the efﬁciency of
seed dispersal may, have negative consequences for their persistence in these modiﬁed habitats (McConkey & O’Farrill, 2016;
Jordano, 2017). Thus, we stress the need to move beyond effects on species diversity towards evaluating impacts on functional
ecological process (Thompson and McLachlan, 2007; Perez-Mendez et al., 2016) across a wide range of interactions (e.g. Pauw
and Louw, 2012; Deguines et al., 2016) in order to help design better strategies to mitigate the negative effects of urbanization.
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Appendix

Appendix S1. Images of Toxicodendron radicans A) Typical liana attached to a host tree. B) Cluster of fruits on a branch extending from the main stem. C) Close up
image of both unmarked (left) and UV-ﬂuorescent dyed (right) fruits illuminated with a blacklight, scale bar represents 5 mm. D) Image of defecated seed at 30x
magniﬁcation, scale bar represents 3 mm.
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Appendix S2. Images of typical sites used in this study. Top: Two natural sites. Bottom: Two urban sites.
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Appendix S3. Top: Average (±SE) percent canopy cover, urban infrastucure (buildings, roads) and other natural surfaces (Non-tree) between urban and natural
sites. Percentages were calculated with i-Tree Canopy. The Non-Tree category represents all natural surfaces other than trees such as rocks, water, grass, and
shrubs. The Infrastructure category represents all urban surfaces such as roads, railroads, buildings, and sidewalks. Bottom: Satellite images of sites used in this
study. The top row are natural sites and the bottom row are urban sites. Sites A, B, E, & F were used in the ﬁrst ﬁeld season (Winter, 2017e2018). Sites A, C, D, G, H,
& I were used in the second ﬁeld season (Winter, 2018e2019).

Appendix S4. Species accumulation curves for urban (orange line) and natural sites (green line). Shaded areas are 95% CI. Sampling captured 85.6% of species in
urban sites and 79.2% of species in natural sites.
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Appendix S5
Species names and frequency of avian seed dispersers observed at natural and urban sites during two ﬁeld seasons (2017e2018, 2018e2019). Taxonomic
information including Order, Family and Scientiﬁc name is shown. Additional information on common name, origin status (native, non-native) and primary
diet is also presented.
Order

Family

Common Name (Species Status (Native, Nonnative, Primary Diet (Frugivore,
name)
Overwintering, Migratory) Insectivore, Granivore,
Omnivore)

Passeriformes Cardinalidae Northern Cardinal
(Cardinalis cardinalis)
Rose-breasted Grosbeak
(Pheucticus ludovicianus)
Corvidae
Blue Jay (Cyanocitta
cristata)
Fringillidae House Finch
(Haemorhous mexicanus)
Mimidae
Brown Thrasher
(Toxostoma rufum)
Gray Catbird (Dumetella
carolinensis)
Northern Mockingbird
(Mimus polyglottos)
Paridae
Carolina Chickadee
(Poecile carolinensis)
Tufted Titmouse
(Baeolophus bicolor)
Parulidae
Yellow-rumped Warbler
(Setophaga coronata)
Passerellidae Field Sparrow (Spizella
pusilla)
Song Sparrow
(Melospiza melodia)
White-throated
Sparrow (Zonotrichia
albicollis)
Regulidae
Ruby-crowned Kinglet
(Regulus calendula)
Sturnidae
European Starling
(Sturnus vulgaris)
Turdidae
American Robin (Turdus
migratorius)
Eastern Bluebird (Sialia
sialis)
Tyrannidae Eastern Phoebe
(Sayornis phoebe)
Piciformes

Picidae

Downy Woodpecker
(Picoides pubescens)
Northern Flicker
(Colaptes auratus)
Pileated Woodpecker
(Dryocopus pileatus)
Red-bellied
Woodpecker
(Melanerpes carolinus)
Yellow-bellied
Sapsucker (Sphyrapicus
varius)

Frequency of
Frequency of
Feeding in Natural Feeding in Urban
Sites
Sites

Native, Overwintering

Granivore/Frugivore

2

39

Native, Migratory

Frugivore/Insectivore

2

0

Native, Overwintering

Omnivore

0

4

Nonnative, Overwintering Frugivore/Insectivore

0

4

Native, Migratory

Omnivore

0

1

Native, Migratory

Frugivore/Insectivore

0

2

Native, Overwintering

Omnivore

0

1

Native, Overwintering

Insectivore/Frugivore

32

32

Native, Overwintering

Insectivore/Frugivore

3

6

Native, Overwintering

Insectivore/Frugivore

1

147

Native, Overwintering

Insectivore/Frugivore

0

1

Native, Overwintering

Insectivore/Granivore

0

6

Native, Overwintering

Insectivore/Frugivore

0

9

Native, Overwintering

Insectivore/Frugivore

4

11

Nonnative, Overwintering Omnivore

0

20

Native, Migratory

Frugivore/Insectivore

0

5

Native, Overwintering

Insectivore/Frugivore

0

34

Native, Migratory

Insectivore/Frugivore

1

1

Native, Overwintering

Insectivore/Frugivore

27

7

Native, Overwintering

Insectivore/Frugivore

4

2

Native, Overwintering

Insectivore/Frugivore

4

0

Native, Overwintering

Omnivore

0

2

Native, Overwintering

Insectivore/Frugivore

1

0
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